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Force reconstructionLow-frequency structures, such as footbridges and long-span ﬂoors, are often sensitive to variations in
dynamic loading induced by pedestrians. As a result, the design of these structures using traditional
deterministic approaches is being replaced by stochastic load models that can accommodate different
styles of walking. To inform development and facilitate wider implementation of the new stochastic
approaches, a database of experimental data characterising both inter- and intra-subject variability of
gait parameters is required. This study aims to contribute to the development of such a database by pro-
viding a set of data for walking over rigid level surfaces.
The motion capture system Vicon was used for simultaneous monitoring of the kinematic and kinetic
gait parameters. Ten test subjects walking at 13 different speeds participated in the experimental pro-
gramme. Novel experimental data on pacing rate, step length, step width, angular positions of the legs
and the trunk, and the force amplitude were collected and statistically characterised. The acquired data
are suitable for calibration of the bipedal pedestrian models intended for civil engineering applications.
 2015 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://
creativecommons.org/licenses/by/4.0/).1. Introduction
Reliable assessment of vibration serviceability of low-frequency
civil engineering structures exposed to pedestrian excitation, such
as footbridges and long-span ﬂoors, requires the development of
sophisticated models of walking locomotion. Deterministic models
based on ‘‘average pedestrian’’ properties [1] are not always suited
for the design of contemporary structures since these, typically
light, slender and lightly damped, structures are increasingly sen-
sitive to variations in dynamic excitation. To account for these
variations, stochastic modelling approaches could be utilised.
Signiﬁcant advances in the development of the stochastic models
have been made over the last decade [2–7]. All these models aim
to mathematically describe the force waveform generated when
walking on rigid level surfaces. The models range from a simple
incorporation of randomness in the pacing frequency within a
human population (e.g. [3]) to those that replicate the intrinsic
narrow-band nature of the dynamic force induced by a single
individual (e.g. [5]). The stochastic models are most often informed
by empirical data related to the following walking locomotionparameters: walking speed, force amplitude, pacing rate, step
length and step width.
Increased liveliness of modern structures carrying pedestrian
trafﬁc poses a new challenge to structural engineers due to a need
to model a pedestrian as a part of a pedestrian-structure vibrating
system. Within this system, the pedestrian is exposed to the struc-
tural acceleration that might modify their walking locomotion
style and consequently alter both the temporal and spectral fea-
tures of the structural vibration [8]. Modelling the walking locomo-
tion in this case is a challenge since it requires a departure from
replicating the force waveform measured on a rigid surface. The
challenge can be addressed, for example, by modelling the force
proﬁle measured on a lively (i.e. oscillating) surface or by develop-
ing fundamental models of pedestrians and their interaction with
oscillating supporting structure. The former approach requires
the development of an experimental setup that allows for measur-
ing the walking-induced force at a range of vibration frequencies
and vibration amplitudes. The latter approach intends to represent
the source of the dynamic force, i.e. mechanics of walking locomo-
tion, accurately. Inclusion of the locomotor system (i.e. legs) into
the modelling introduces a capability to account for kinematic con-
ditions at the human foot – structure interface, making these mod-
els potentially suitable for representing walking over both rigid
and vibrating surfaces. Biomechanically inspired bipedal pedes-
trian models belong to this class and they are already being
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calibrate these models, experimental data are required not only on
the walking speed, force amplitude, pacing rate, step length and
step width, but also on angular positions of the legs. Ideally the
data should include information about both the variability of walk-
ing locomotion parameters in a population of different individuals
(so called inter-subject variability) and the intrinsic variations in
the locomotion parameters induced by a single individual on a
step-by-step basis (so called intra-subject variability). It is the
intention of this study to provide the experimental data that could
be used for calibration of bipedal models.
Data about a wide range of walking locomotion parameters are
available in literature in different forms and with different levels of
detail. They are, however, rarely acquired simultaneously due to
limitations in measurement techniques employed. For example,
frequently used force plate and instrumented treadmill devices
cannot measure the angular position of the legs. In addition, the
collection of a set of data is often performed with a speciﬁc appli-
cation in mind (such as medical rehabilitation) leading to measur-
ing a small subset of parameters that are most relevant for the
particular application and presentation of results in a form that
is not necessarily suitable for the development of pedestrian mod-
els in civil engineering.
When the walking speed, step length, step width, pacing rate
and force amplitude for a pedestrian are measured, an average
value for each parameter is usually reported. To characterise the
inter-subject variability, the mean and the coefﬁcient of variation
(CoV) of the average value within a studied population are then
calculated. Several examples of the mean and CoV for the (average)
parameters reported in literature are: 1.87 Hz and 10% for the pac-
ing frequency, 1.39 m/s and 14% for the walking speed, 0.74 m and
11% for the step length [11], and 95 mm and 19% for the step width
[12]. Three among these parameters (walking speed v, step length
d and pacing frequency fp) are mutually dependent (v = d fp) and
therefore deﬁning any two will automatically determine the third.
To model all these parameters, a normal distribution is frequently
employed [13]. As for the dynamic force, it is most often reported
in the form of the dynamic loading factors DLFi (i = 1–4) which
represent the amplitude of the i-th main forcing harmonic nor-
malised by the pedestrian weight. Kerr [14] found that the mean
value of ﬁrst main harmonic (DLF1) increases with an increase in
the pacing frequency up to 2.2 Hz. Beyond 2.2 Hz, the amplitude
remains fairly constant. He also reported that the CoV for this
parameter is about 16%. Furthermore, Geyer [15] showed that
the attack angle tends to decrease linearly from 75 to 67 with
an increase in the walking speed from 0.6 m/s to 2.4 m/s while
the end-of-step angle is rarely quantiﬁed. Deﬁnition of the two
angular parameters differs slightly between studies, depending
on the experimental setup used to monitor the kinematics of the
test subject’s body. In the context of this study the attack angle
is deﬁned as the angle between the line connecting body’s centre
of mass (BCoM) and the foot of the leading leg (at the heel-strike
event) and the walking surface. The end-of-step angle is taken as
the angle formed by the line connecting BCoM and the foot of
the trailing leg (at the toe-off event) and the walking surface.
Some studies also report the trunk rotation over an individual step.
Although this rotation is small at about 2, it still can make a sig-
niﬁcant contribution to some walking locomotion quantiﬁers, such
as the moment about the hip joint [16].
The average value of a parameter for an individual pedestrian
provides no insight into the intra-subject variability. For this, the
variation in pedestrian parameters (i.e. their CoV) on a step-by-
step basis has to be known. Within an investigated pedestrian pop-
ulation this variation can be expressed using the mean and the
standard deviation of the CoV. Information of this type is often
scarce and incomplete. For example, Brownjohn et al. [2] provideduseful information that the CoV of pacing frequency on a step-by-
step basis is around 3%, while Bauby and Kuo [17] found that the
variability in the step width is larger than in the step length. In
both cases, however, additional information about a potential
correlation of the investigated parameters with, for example, the
pacing frequency or the walking speed was not studied.
Yamasaki et al. [18], on the other hand, provided detailed informa-
tion on the variations in the step length. They found that the mean
CoV ranges from 2% to 5% and that it is a function of the walking
speed and gender. They also provided data for the standard devia-
tion for both genders and a range of speeds. This study represents
an example of a detailed description of the intra-subject variability
(and its variation across a population of test participants) that can
be used as a direct input into stochastic modelling.
Tomonitor key parameters of interest (i.e. walking speed, pacing
rate, step length, step width, DLF, attack angle, end-of-step angle,
and trunk rotation) simultaneously, a motion capture system
(MCS) that tracks human body movement can be employed. Use
of the MCS only is straight forward for measuring all parameters
except the DLF which, in this case, has to be evaluated indirectly
from the measured kinematic data. Using the MCS for measuring
human-induced force while jumping, bouncing, running and walk-
ing is relatively new (and still rare) in civil engineering applications
[19–21]. This is the most likely reason behind the lack of guidance
on both the best tracking model that should be employed in these
experiments and the accuracy that can be achieved.
The main aim of this paper is to statistically characterise the
walking locomotion parameters on a population of ten test sub-
jects. Particular attention is devoted to characterising the intra-
subject variability and testing the hypothesis of whether the
step-by-step variations in the parameters follow a normal dis-
tribution. The study also aims to provide some insight into the
choice of the MCS-based tracking models for indirect measure-
ments of the dynamic force. To achieve these aims, an experimen-
tal study of human walking locomotion on a rigid surface was
conducted. The data collected are expected to ﬁnd use in the pro-
cess of calibration of the bipedal class of pedestrian models. The
natural next step would be to validate these models against the
walking locomotion parameters acquired in the presence of the
pedestrian-structure interaction; a task that is beyond the scope
of this paper. Since the bipedal models are most likely to be used
on structures prone to the excitation by the ﬁrst forcing harmonic,
only DLF1 is considered in this study. This research is exclusively
concentrated on the vertical component of the force.
Following this introductory section, an investigation into the
use of the MCS for measuring human-induced dynamic force is
presented. Apart from the background information on the indirect
force measurements, the MCS employed in this study is described
and an analysis related to the choice of a tracking model is per-
formed. The main experimental investigation into the variability
of walking locomotion parameters is then presented. Finally, a sta-
tistical characterisation of the parameters in a form suitable for
future use is conducted, followed by a discussion and conclusions.
All experiments reported in this paper were approved by the
Biomedical and Scientiﬁc Research Ethics Committee at the
University of Warwick. Prior to the experiments, the test procedure
and associated health and safety issues were explained to the test
subjects (TSs). In addition, TSs signed a consent form and completed
a physical readiness questionnaire. Only TSs with no health issues
at the time of testing were allowed to take part in the experiments.2. Measuring dynamic force using motion capture system
A MCS consists of a series of video-based optoelectronic cam-
eras or sensors that are used to capture displacement of markers
Fig. 1. Three body segments and the midsagittal plane (adapted from [24]).
H.V. Dang, S. Zˇivanovic´ / Engineering Structures 91 (2015) 141–154 143attached to human anatomical landmarks. Kinematic data of body
segments recorded in this way have been used to reconstruct the
human-induced force during walking [19], bouncing and jumping
[20] and running [21].
According to Newton’s second law, the vertical component of
the force Fz(t) generated by a pedestrian is:
FzðtÞ ¼ mp€zBCoM|ﬄﬄﬄﬄ{zﬄﬄﬄﬄ}
FDðtÞ
þ mpg|ﬄ{zﬄ}
W
ð1Þ
where FD and W are the dynamic and static components of the
walking-induced force, respectively, mp is the body mass, €zBCoM is
the vertical acceleration of the BCoM caused by walking (positive
upwards), and g = 9.81 m/s2. In the walking posture, the BCoM is
normally located inside the human body, and therefore its accelera-
tion cannot be directly measured. Instead, the segmental method
for estimating the acceleration, and therefore the force, is fre-
quently used [21,22]. The method assumes that the human body
consists of a chain of rigid segments: head, upper arms, forearms,
hands, trunk, thighs, shanks and feet. The total force is calculated
by summing the contributions from the individual segments:
FzðtÞ ¼
Xk
i¼1
mið€zi þ gÞ ð2Þ
where mi is the mass of the i-th body segment, €zi is the vertical
acceleration of the corresponding segment’s centre of mass
(SCoM), while k is the number of segments. The use of this equation
relies on estimating body segment parameters (i.e. the segment
mass and the position of the SCoM) from the databases available.
A comprehensive database for a sample of 100 male test subjects
was developed by de Leva in 1996 [23], and it is summarised in
Table 1. The mass of each body segment is expressed as a percent-
age of the body mass, while the location of each SCoM is deﬁned as
a percentage of the segment length measured from the top end for
the trunk segment and from the proximal end-point (i.e. the end
point closer to the trunk) for other body segments. Examples of
three body segments are shown in Fig. 1, while detailed description
of all segments is available in [23]. The data in Table 1 allow repre-
sentation of the trunk as either a single body segment having mass
of 43.5% or three body segments having individual masses of 16.0%,
16.3% and 11.2%.
The assumption that the body segments are rigid is not strictly
correct. Namely, the deformability of the soft tissue relative to the
underlying bones induces errors in the measured kinematic data
[22]. This error, known as the soft tissue artefact, is most promi-
nent at those stages of walking characterised by high accelerations,
such as heel impacts. The problem mainly affects the high fre-
quency content of the measured signals, and it can usually be min-
imised by low-pass ﬁltering of the raw kinematic data [22].Table 1
Average body segment parameters for a population of 100 male test subjects [23].
Body segment Mass (%) SCoM (%)
Head 6.9 40.2
Trunk 43.5 44.9
Upper arm 2.7 57.7
Forearm 1.6 45.7
Hand 0.6 79.0
Thigh 14.2 41.0
Shank 4.3 44.6
Foot 1.4 44.2
Upper trunk 16.0 30.0
Middle trunk 16.3 45.0
Lower trunk 11.2 61.2
Population properties:
mean (standard deviation) (unit)
Age: 23.8 (6.2) (year)
Height: 174.1 (6.2) (cm)
Mass: 73.0 (9.1) (kg)In civil engineering applications, the segmental method has
been successfully used by Racic et al. [20] to quantify bouncing
and jumping forces, while the potential to use the same method
for measuring the vertical component of the walking-induced
forces has been demonstrated by the same authors on a single test
subject only [19]. To utilise the method in this study, it is necessary
to identify a marker layout to be employed in the experimental
programme. The literature does not provide either guidance on
the choice of the marker model or advice on the accuracy that
can be achieved. For this reason four candidate marker models
are investigated in more detail in this section.
2.1. Measurement system
Experiments for testing the performance of the marker models
were performed in the Gait Laboratory, equipped with a motion
capture system Vicon [25] and a force plate OR6-7-2000 [26], at
the University of Warwick.
The MCS consists of twelve high-speed and low latency cameras
that record 200 two-dimensional frames per second. Fig. 2a shows
the layout of the cameras covering a capture volume of
2.0  3.0  2.2 m (width  length  height). The spherical markers,
coated with a highly retro-reﬂective material, have a diameter of
14 mm and amass of 2 g. The front of each camera contains a strobe
unit conﬁgured with light-emitting diodes to illuminate the mar-
kers. When a marker is inside the ﬁeld of view of a speciﬁc camera,
rays of light from the strobe unit illuminate the marker and are
reﬂected back to the camera lens. The image from each camera is
then processed by the system resulting in a reconstruction of dis-
placement trajectories of the markers in the three-dimensional
space. For successful reconstruction, each marker has to be tracked
simultaneously by at least two cameras.
Before starting the measurements, the relative distances
between cameras and their projections were established by waving
a calibration wand of a known geometry (Fig. 2b) inside the cap-
ture volume. The wand was also used to set the origin of the global
coordinate system (Fig. 2b). The background noise was determined
by monitoring stationary markers for 30 s [27]. The one second
Fig. 2. (a) Plan layout of the Gait Laboratory. (b) Force plate and calibration wand.
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less than 0.05 mm, which is an acceptable noise level for the cur-
rent study.
The force plate (of size 464  508 mm) in the Gait Laboratory is
mechanically isolated from the surrounding ﬂoor (Fig. 2b). The
fundamental natural frequency of the plate in the vertical direction
is 530 Hz, which is well above the frequency content in the force
signal studied, making the force plate suitable for the intended
experiments.
Recordings of the marker trajectories and the force plate signal
were synchronised using an MX Giganet data acquisition unit [25],
making direct comparisons of the time domain events in the two
signals possible.2.2. Marker models
Each test subject was instrumented using 34 markers (Fig. 3).
Fifteen markers were positioned on either half of the body, while
the remaining four markers (No. 9, 10, 11 and 14 in Fig. 3) were
located in the midsagittal plane (Fig. 1). The marker positions were
chosen to provide data on kinematics of individual body segments,
and they were informed by the literature related to the research in:
balance during standing, modelling BCoM’s trajectory and the force
reconstruction for different human activities. Four marker modelsFig. 3. Frontal view of marker locations, body se(Models A, B, C and D) were formulated (Fig. 3). The exact anatomi-
cal positions of all markers are described in Table 2.
Model A consists of the sacral marker only (No. 14 in Fig. 3).
This model was selected to test the hypothesis that one marker,
which lies in the proximity of BCoM, can be used to determine
the force [28]. Model B comprises of 18 markers to replicate the
marker arrangement from a recent study of the walking force
[19]. The movement of the trunk in this model is not directly moni-
tored. Instead, it is determined by interpolation from the shoulder
and the hip markers (Fig. 3). This approach might introduce a non-
negligible error in the calculation of the inertia force of the trunk,
and potentially a large error in the total force given that the trunk
provides the largest contribution to the body mass (Table 1). Model
C consists of 19 markers located on the frontal part of the body
only. This setup, proposed by the authors, aims to minimise the
number of cameras required for the experiments. The associated
reduction in costs of experiments might be an important factor
for future studies related to monitoring of test subjects outside
the laboratory. To improve monitoring of the trunk (compared
with Model B), Model C utilises three markers placed either
directly on the trunk (No. 9 in Fig. 3) or in its vicinity (No. 12
and 13). A potential issue with this model is that placing markers
exclusively on the frontal part of the body could result in the ankle
(No. 18 and 32) and elbow markers (No. 5 and 25) not necessarily
being attached to the bony landmarks. This issue might introducegments, SCoMs and BCoM for four models.
Table 2
Marker positions in the four marker models.
Body
segment
Marker
number
Anatomical position Model
Head 1, 21 Cheek bone B, C, D
Arms 2, 22 Bony prominence at the top of shoulder joint D
3, 23 Upper arm, at the same longitudinal
elevation with shoulder joints
B, C
4, 24 Bony prominence on the outside of the elbow
joint
B, D
5, 25 On biceps tendon at the location of elbow
joint
C
6, 26 Radial styloid process at wrist joint C, D
7, 27 Ulnar styloid process at wrist joint B, D
8, 28 Just below the middle knuckle on the hand D
Trunk 9 Top of the breast bone C, D
10 Base of the breast bone D
11 On top of the navel ﬁxed in position by using
a wrap band
D
12, 13 Anterior superior iliac spine C, D
14 Midpoint of the two posterior superior iliac
spines
A
Legs 15, 29 Greater trochanter B, C, D
16, 30 On knee cap, at the elevation of knee joint
centre
B, C, D
17, 31 Lateral malleolus B, D
18, 32 On the extensor hallucis longus muscle, at
the elevation of ankle joint centre
C
19, 33 Tip of big toe B, C, D
20, 34 On the back of the foot, at the elevation of toe
markers
B, D
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error could be introduced due to monitoring feet by utilising ankle
and toe markers only, i.e. due to neglecting the heel contribution.
To address the issues associated with Model C, the authors also
propose Model D that includes a detailed instrumentation of the
human body using 27 markers (Fig. 3). Apart from an improved
instrumentation of feet in Model D, monitoring of the trunk is also
improved by splitting it into three parts (i.e. upper, middle and
lower trunk). The intention is to track movements of different parts
of the trunk and investigate whether this approach leads to a better
quality of the force measured. In addition, hand movement is also
recorded in Model D.
Apart from the layouts of markers in the four models, Fig. 3 also
shows individual body segments, the SCoMs and the BCoM in all
models under investigation. The locations of SCoMs and BCoM
are calculated using data from de Leva [23].2.3. Description of experiments
Ten male TSs with no history of gait issues volunteered to par-
ticipate in the tests performed in the Gait Laboratory. The general
characteristics of the TSs, in terms of the average ± one standard
deviation, are: age 22.7 ± 2.7 years, height 177.5 ± 5.6 cm and mass
69.3 ± 7.7 kg. Test participants were requested to stay topless and
to wear a pair of black tight running shorts so that most markers
could be placed directly on the skin, minimising the risk of loose
attachment. The markers were glued to the TS’s body using dou-
ble-sided tape. Before starting experiments, the TSs were
instructed to quietly stand on the force plate for 30 s. The average
of the vertical component of the recorded force plate signal was
then divided by the acceleration of gravity to determine the body
mass.
Evaluation of the accuracy of the marker models can be per-
formed by comparing the indirectly recorded force against the
benchmark force measured directly by the force plate.
Comparison of the data acquired in the walking posture poses achallenge: the single force plate setup records the force generated
by a single foot only, while the MCS records the total force. To
make the comparison possible, a decision was made to ask TSs to
perform an on-the-spot activity so that both facilities can record
the total force (over a prolonged time period). Among candidate
on-the-spot activities, such as jumping, bouncing and stamping,
the stamping was chosen due to movement of limbs during this
activity being most similar to that in walking. Since human kine-
matics during stamping is similar but not the same as that during
walking, the results from the evaluation of the four models were
used to identify a single, most promising, marker model, and then
to evaluate it in a more relevant (and more demanding) experi-
mental setup related to walking over a laboratory bridge.
Each TS was required to stamp on the force plate, with the assis-
tance of a metronome, at eleven frequencies between 1.5 Hz and
2.5 Hz. The stamping frequencies and their order of execution were
1.7, 2.0, 1.8, 2.3, 1.6, 2.1, 2.5, 1.9, 2.4, 1.5 and 2.2 Hz. The pseudo-
random order was employed to avoid possible psychological bias
associated with using exclusively either increasing or decreasing
pacing rate order. Each TS completed three consecutive trials at
any particular frequency before proceeding to the next frequency.
Recording in a trial started when the TS declared himself com-
fortable with following the metronome beat. The duration of each
recording was 60 s. After three trials at a single frequency, there
was a short break of 30 s. During this break, the attachment of
the markers to the body was checked. If a loose marker was
detected, the previous three trials were repeated. In addition, rare
trials in which TSs accidentally stepped out of the force plate were
also repeated. Overall, each TS completed 33 trials that qualiﬁed
for the analysis. Each test session lasted 1.5–2.5 h.
2.4. Evaluation of four marker models
Marker trajectories and force plate data were sampled at
200 Hz. To remove high-frequency noise (e.g. electrical noise in
the optoelectronic system and soft tissue artifact) both the marker
and the force plate data were ﬁltered in MATLAB [29] using a
fourth-order zero-phase-shift low-pass ﬁlter with the cut-off fre-
quency of 10 Hz [27,30]. The displacement data were then dif-
ferentiated twice to calculate the accelerations of the markers.
The stamping force was then determined using Eq. (2).
Fig. 4a shows an example of a time-domain force signal directly
measured using the force plate (solid line) and the corresponding
signal calculated from the kinematic data recorded by the MCS
using Model C (dashed line). Only the dynamic component of the
stamping force FD is presented in the ﬁgure. Fig. 4b represents
the frequency content of the two signals in the vicinity of the
fundamental harmonic. In this particular case the indirectly mea-
sured amplitude of the ﬁrst harmonic underestimates the directly
measured value by 12%.
To extract the ﬁrst harmonic, the force signals were band-pass
ﬁltered using a fourth-order Butterworth ﬁlter and normalised by
the test subject’s weight. The ﬁlter bandwidth was set to six stan-
dard deviations of the stamping frequency and centred at the aver-
age stamping rate. The peak-per-cycle amplitudes of the ﬁltered
signals were averaged to estimate directly and indirectly measured
DLF1. The percentage difference DDLF1 between the two sets of
measurements:
DDLF1 ¼
DLFMCS1  DLFForce plate1
DLFForce plate1
100 ð%Þ ð3Þ
is shown in Fig. 5 in relation to individual TSs for all four models.
Each data point in the ﬁgure represents the average difference over
the three trials performed by a TS at a particular frequency. Model A
underestimates the directly measured DLF1 in all cases, with the
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experiences a wide range of errors (from underestimating the force
by 12% to overestimating it by about 38%). Given that Model B over-
estimates the force in 90% of cases, this model can be utilised for a
conservative estimate of the dynamic force. For most accurate mea-
surements of the stamping activity, however, Models C and D are
recommended. These models result in the absolute percentagedifference of up to 15% for 90% of TSs (i.e. all TSs but TS10). This
ﬁnding suggests that a more detailed tracking of body segments
employed in Model D (consisting of 27 markers) does not improve
the measurement accuracy compared with Model C (consisting of
19 markers).
The results in Fig. 5 show that the measurement accuracy is
inﬂuenced by the choice of the marker model and that Models C
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model is selected for further evaluation in relation to the walking
activity.
2.5. Evaluation of Model C while walking
To evaluate the suitability of Model C for measuring the walk-
ing-induced force, a subset of three test subjects were asked to
walk on a treadmill device [31] placed on the Warwick Bridge
(WB) situated in the Structures Laboratory at the University of
Warwick. The steel–concrete composite bridge has a 2 m wide
and 19.9 m long deck. The structure is simply supported, and the
supports can be moved to alter the span length. In this study,
two conﬁgurations of the bridge were utilised: the span length of
16.2 m (hereafter referred to as WB1) and the span length of
17.4 m (hereafter referred to as WB2). The natural frequency and
the damping ratio of the fundamental mode of vibration were
identiﬁed from free decay measurements and they were found to
be amplitude dependent (Fig. 6). Using a controlled resonance
build-up methodology developed by Brownjohn and Pavic [32],
modal masses of the two structures (including the treadmill) were
found to be 7700 kg for WB1 and 8200 kg for WB2. More detailed
information about the structural geometry and testing methodol-
ogy is provided by Dang [33].
The treadmill was positioned at the midspan of the WB so that
its longitudinal axis was aligned with the longitudinal axis of the
bridge (Fig. 7a). Its belt accommodates speeds from 0.28 m/s to
5.00 m/s, with the speed resolution of 0.028 m/s. The treadmill
walking area of 0.5  1.4 m (width  length) provides sufﬁcient
space for a single TS. Prior to the experiments, each TS had a 15-
min warm-up and familiarisation with walking on the treadmill
exercise at a number of personally selected walking speeds within
the range 0.8–2.1 m/s, typical of normal walking [11]. Walking on
the treadmill is known to differ from the over-ground walking due
to the effects such as the imposed constant speed and stationary
visual reference [34]. Van de Putte et al. [35] found that a 10 min
warm-up on treadmill is required for differences between over-
ground and treadmill walking to become negligible, leading to
adopting the 15-min long practice on the treadmill in the experi-
mental study presented in this paper.
After the calibration of the measurement system, the TS was
instrumented using 19 markers (Model C) and his kinematics
was monitored using three Vicon cameras attached to a frame built
around the bridge (Fig. 7a). The global coordinate system for data0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 
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Fig. 6. (a) Natural frequency of WB1, (b) natural frequency of WB2 and (c) dampincapture was chosen to be aligned with the treadmill geometry, as
shown in Fig. 7a. Data capturing started 30 s after the speed selec-
tion allowing the treadmill to reach the target speed and the TS to
achieve a stable walking gait. A minimum of 450 steps were
recorded in every trial to acquire statistically signiﬁcant data [36].
Each TS was asked to walk at 5–7 different speeds (between
0.84 m/s and 2.08 m/s) on the two bridge conﬁgurations, with a
three minute break between two consecutive trials. The three TSs
performed 40 trials in total. In addition to measuring the TS’s kine-
matics, the bridge oscillations were monitored using a QA750
Honeywell accelerometer (having a nominal sensitivity of
1300 mV/g). The accelerometer signal was logged alongside the
Vicon data using the MX Giganet data logger [25].
The force induced by the pedestrian was determined in the
same way as in Section 2.4 and then applied to a single-degree-
of-freedom model of the bridge (having known natural frequency,
damping ratio and modal mass) to calculate a modal acceleration
response. The initial conditions for the bridge were also known:
the displacement was recorded by monitoring a marker placed at
the midspan, while the velocity was obtained by differentiating
the displacement signal. To account for the nonlinearities in the
natural frequency and damping ratio, the modal parameters were
updated on a cycle-by-cycle basis utilising the empirical values
shown in Fig. 6 [33]. To extract the modal response in the
fundamental mode of vibration, the simulated and the measured
responses were band-pass ﬁltered using a fourth-order
Butterworth ﬁlter, with cut-off frequencies at 1 Hz and 3 Hz. The
percentage difference in the average peak per cycle acceleration
value for the two responses (relative to the measured value) was
found to be within ±15% in as many as 78% of the trials, while it
was within ±20% in 92% of the trials [33].
The increase in the response error compared with the ±15%
error in 90% of trials related to the stamping activity is either
due to increased measurement error in the walking-induced force
(compared with the stamping activity), or the contribution of the
(inherent) measurement error in the estimated modal properties
of the bridge, or a combination of the two. A conservative conclu-
sion is that the absolute value of the error in the measured walking
force is, at worst, 20% in 92% of trials. Thus Model C can be used for
applications that do not require a higher level of accuracy, for
example for detecting change in force level on lively surfaces on
which a force drop, as large as 75%, can occur [33]. Having quanti-
ﬁed the error, Model C was adopted for experiments in the next
section.(c)
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Fig. 7. (a) Experimental setup on the Warwick Bridge. (b) Human perception of treadmill speed. Triangles, solid circles and empty circles represent fast, normal and slow
classiﬁcation of the walking speed, respectively.
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Ten young and healthy male TSs volunteered to participate in
the main experimental programme for characterising walking
locomotion in the Gait Laboratory. The characteristics of this sam-
ple, in terms of the average ± one standard deviation, are: age
25.0 ± 2.9 years, height 176.8 ± 5.4 cm and mass 72.4 ± 9.6 kg.
To monitor the walking gait over multiple steps in the conﬁned
laboratory space, the treadmill used for the experiments on theWB
was placed in the centre of the capture room. In addition to the 19
markers required for the measurement of the force, the TSs were
instrumented with two additional markers at the heels (No. 20
and 34 in Fig. 3) to allow for identiﬁcation of the heel-strike events
(required for quantifying a number of locomotion parameters). The
following parameters were measured simultaneously: the pacing
frequency, step length, step width, attack angle, end-of-step angle,
trunk rotation and DLF1.
The TSs were prepared for experiments on the treadmill in the
same way as explained in the previous section. Within one test ses-
sion lasting about two hours, a TS completed 13 trials at walking
speeds ranging from 0.8 m/s to 2.1 m/s. The imposed belt speeds
followed this pseudo-random order: 1.15, 1.56, 1.36, 1.88, 1.67,
2.08, 1.76, 1.04, 1.24, 0.84, 0.93, 1.97 and 1.45 m/s. In total, 130
trials, each consisting of about 450 steps, were recorded.
At the end of each trial, the TS was asked to subjectively cate-
gorise the speed as slow, normal or fast. These answers are shown
in Fig. 7b as empty circles, ﬁlled circles and triangles, respectively.
Apart from TS6, all other TSs were consistent in classiﬁcation of
the walking speed, i.e. they did not assess a speed as, say, fast even
though some higher speeds were classiﬁed as normal or slow.
Although this classiﬁcationmight have been biased due to TSs being
asked to set up a particular speed on the control board of the tread-
mill before a trial, it still provides a useful indication of the normal
walking speed range for each individual. It is worthmentioning that
two successive trials were about ﬁveminutes apart, so the TSs were
unlikely to remember the previously used speed and the reported
classiﬁcation of it, as conﬁrmed by TSs at the end of their partic-
ipation. All TSs used all three categories in their answers, suggesting
that the tests succeeded in making the TSs walk both within and
outside their comfortable (i.e. normal) speed range.
4. Statistical characterisation of walking parameters
This section provides a statistical description of both inter- and
intra-subject variability of the monitored walking locomotionparameters. First the pacing rate, which is the key temporal
parameter, is presented, followed by results for two spatial
parameters (step length and step width). Angular positions of legs
and trunk are then investigated, followed by the analysis of DLF1.
All the measured parameters are expressed as functions of the
walking (i.e. treadmill belt) speed that is considered as an indepen-
dent variable in this study.
4.1. Pacing rate
The pacing rate fp is calculated as the reciprocal value of the
duration of a walking step. The step duration is measured as the
time elapsed from the heel-strike event of one foot to the heel-
strike event of the other foot. To detect these events, a method pro-
posed by Zeni et al. [37] is used. The method is based on the obser-
vation that, when walking on a treadmill, the X coordinate (Fig. 7a)
of the heel marker changes from moving forward to moving back-
ward at the heel-strike event (solid lines in Fig. 8a). This corre-
sponds to change in the X component of the velocity vector
(dashed lines in Fig. 8a) from a positive to a negative value. The
detected zero crossings in the velocity signal (circles in Fig. 8a)
are then used to calculate period Ti of each step leading to the cal-
culation of the step frequency on a step-by-step basis.
An example of the pacing rate induced by left and right feet of a
TS walking at the speed of 1 m/s is shown in Fig. 8b. It can be seen
that there is some variation in the pacing rate around the mean
value of 1.52 Hz (CoV = 2.8% in this example). The average pacing
rate is shown as dashed line in the ﬁgure, while the average ± one
standard deviation boundaries are given as dash-dotted lines.
Fig. 8c shows that the probability density function (PDF) for this
set of experimental data (dotted line) approximately follows a nor-
mal distribution (solid line). The Kolmogorov–Smirnov test for
goodness-of-ﬁt [38] was used to test the hypothesis that the data
belong to a normal distribution. For the signiﬁcance level of 5%,
the hypothesis was rejected in 10% of trials only. An example of
a trial in which the hypothesis was rejected is that shown in
Fig. 8c, while an example of a better agreement between the two
distributions (related to a trial in which the hypothesis was not
rejected) is shown in Fig. 8d. Therefore the step-by-step variations
in the pacing rate can be modelled as normally distributed.
The average pacing rate and the corresponding CoV are calcu-
lated for each trial. These parameters are shown in Fig. 9 for
individual TSs and walking speeds. Best least square second-order
polynomial ﬁt of the mean value (solid lines) and one standard
deviation boundaries (dashed lines) across the TS population are
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upper and lower boundaries of the standard deviation band. It
can be seen that the average pacing rate increases with an increase
in the walking speed.
Fig. 9 also conveys the information about the TS’s perception of
the walking speed. Empty circles represent slow speed, ﬁlled cir-
cles are related to normal speed, while crosses represent fast
speed. The rectangular area in the ﬁgure is a subset that includesall trials in which the speed was classiﬁed as normal (1.15–
1.76 m/s). The average pacing rate over the normal speed range
is between 1.66 Hz and 2.22 Hz, while the CoV over the same range
is between 1.1% and 2.9%. The CoV is at its minimum when the TSs
walked at the speeds within the normal-to-fast walking boundary.
Statistical characterisation of the pacing rate shown in Fig. 9 is
used as a template for presentation of the data related to other
walking locomotion parameters in the remainder of this section.
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Step length d is the longitudinal distance (X direction in Figs. 7a
and 10) that a pedestrian travels between two successive heel-
strikes. A way to measure the step length is to determine the dis-
tance between the heel markers on the two feet at the time of a
heel-strike event of the leading leg (Fig. 10). This method induces
an underestimation of the step length since the heel of the trailing
leg is airborne at the heel-strike event of the leading leg. However,
the error is small (about 2% of the step length) and it is neglected in
this study.
The step width is the lateral distance (Y direction in Figs. 7a and
10) between the centres of the two feet [17], where the centre of
each foot is approximated as the midpoint between the toe and
the heel markers (Fig. 10). The step width is also determined at
the heel-strike event of the leading leg.
As in the case of the pacing rate, the empirical PDFs of the step
length and step width are found to follow a normal distribution
(the hypothesis of normal distribution is rejected in 10% and 1%
of trials, respectively). The average step length and the correspond-
ing CoV are shown in Fig. 11a and b, respectively, while these
parameters for the step width are presented in Fig. 11c and d.
The average step length increases with an increase in the walk-
ing speed, while the CoV is at minimum at the walking speeds
around the boundary between normal and fast walking. The aver-
age step length for normal speed lies in the range of 0.56–0.84 m.
The average step width ranges from 60 mm to 143 mm on the nor-
mal speed range, and is similar elsewhere. The CoV of the step
width also seems to be almost independent from the walking
speed. The CoV for the step width (13.4–39.2% on normal speed
range) is signiﬁcantly larger than that for the step length (1.3–
4.7%).4.3. Angular parameters
This section describes three angular parameters: attack angle
h0, end-of-step angle he and trunk orientation htr (Fig. 12).
The attack angle is calculated at the heel strike events of the
leading leg using measured coordinates of the ankle and BCoM
(calculated using Model C) in the coordinate system shown in
Fig. 7a:
h0 ¼ tan1 zBCoM  zanklexankle  xBCoM ð4Þ
while the end-of-step angle is deﬁned as:
he ¼ 180  tan1 zBCoM  ztoexBCoM  xtoe ð5Þ
Results of the Kolmogorov–Smirnov goodness-of-ﬁt test show
that, at 5% signiﬁcance level, the hypothesis that h0 and he follow
the normal distribution is rejected in 3% of trials in both cases.
The average value and the CoV for the attack angle are shown in
Fig. 13a and b, respectively, while the same parameters for the
end-of-step angle are presented in Fig. 13c and d. For the normal
walking speed range, h0 = 69.1–77.3 (CoV = 0.6–2.1%) and
he = 107.8–119.2 (CoV = 0.3–1.0%).Fig. 10. Step length and step width.With an increase in the walking speed, the attack angle reduces
while the end-of-step angle increases due to increase in the step
length (Fig. 11a). The best ﬁt function for the sum of these two
angular parameters with respect to the speed v (m/s) is:
h0 þ he ¼ 5:0v þ 180:1 ð6Þ
In all trials this sum is greater than 180 that is, due to geometry
constraints i.e. lack of foot modelling, assumed in simple bipedal
model [9]. This ﬁnding can be utilised in the development and val-
idation of more advanced bipedal models (e.g. [10]).
The trunk is the biggest body segment, making around 72% of
the mass of the upper body [23]. The trunk angle (Fig. 12b) in this
study is deﬁned with respect to a line connecting the sternummar-
ker and the midpoint of markers No. 12 and 13 in Fig. 3. These two
points are referred to as the top trunk and the bottom trunk points,
respectively. The angle htr is calculated as:
htr ¼ 90 þ tan1 xtop trunk  xbottom trunkztop trunk  zbottom trunk ð7Þ
The distribution of htr calculated at the heel-strike events is
found to follow a normal distribution (the hypothesis of normal
distribution is rejected in 7% of trials). Fig. 13e shows that the
trunk is relatively vertical for slow walking, i.e. the angle is close
to 90 in these cases. As the speed increases, the angle increases
indicating that TSs tend to lean forward at faster speeds. At normal
walking speeds, the trunk angle ranges from 89.2 to 102.3, while
the CoV lies in the range of 0.6–1.3% (Fig. 13f).
From the continuous measurement of the trunk angle, its maxi-
mum variation within each individual step is also calculated. This
value ranges between 1.6 and 3.5 when walking at normal
speeds, conﬁrming Winter’s observation that the trunk rotation is
small within any particular step [16].
4.4. Dynamic loading factor
To determine DLF1 on a step-by-step basis, indirectly obtained
force signal was band-pass ﬁltered using a fourth-order
Butterworth ﬁlter. Given that the pacing rate was found to follow
a normal distribution in Section 4.1, the ﬁlter bandwidth was set
to include frequency lines within ± three standard deviations of
the mean pacing rate. A time history of the narrow-band (i.e. ﬁl-
tered) force normalised by the body weight is shown in Fig. 14a,
while the spectrum of the measured force and the frequency band-
width used for ﬁltering are shown in Fig. 14b. At 5% signiﬁcance
level, the Kolmogorov–Smirnov test suggests that DLF1 follows
the normal distribution in 62% of the trials only. DLF1 deviates from
the normal distribution more than the other parameters, possibly
due to differences in the individual forces generated by the
‘‘strong’’ and ‘‘weak’’ leg [4]. The individual effects of the two feet
could not be investigated using the MCS, and they should be sub-
jected to further research.
The average value of DLF1 increaseswith an increase in thewalk-
ing speed (Fig. 15a), while the CoV is lowestwhen thewalking speed
is close to the boundary between normal and fastwalking (Fig. 15b).
For normal speed DLF1 = 0.11–0.48 while CoV = 1.5–8.3%. DLF1 and
CoV are expressed as functions of the average pacing rate in
Fig. 15c and d. Best ﬁt functions for the average DLF1 in this study
(solid line) are compared with a study involving 40 TSs reported
by Kerr [14] (dashed line) and a three-TS study by Brownjohn et al.
[2] (dash-dotted line). The results are consistent in reﬂecting that
the DLF1 increases with an increase in the pacing rate. However,
the average DLF1 in this study is consistently lower than that in
the study by Kerr up to the pacing rate of 2.2 Hz (with differences
beingmore pronounced at slower pacing rates) and consistently lar-
ger than the values reported in [2] for all but extremely slowwalking
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Fig. 12. (a) Angle of attack and end-of-step angle. (b) Trunk orientation.
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associated with different populations of test participants.5. Discussion and conclusions
The motion capture system Vicon in the Gait Laboratory at the
University of Warwick has been utilised in this study for
simultaneous monitoring of seven walking locomotion parameters,
including an indirectly measured dynamic force. Although the use
of MCSs in civil engineering research is growing, guidance related
to the choice of the marker layout for force measurement is not
readily available, motivating a study into four candidate models
(consisting of 1–27 markers) in this paper. Due to limitations in
the measurement system, their accuracy was evaluated only in
relation to the stamping activity. It was found that two marker
models (C and D), proposed by the authors, provide best accuracy,
with measurement error in DLF1 being up to 15% in 90% of trials.
The precise description of the geometry of each model required
for their use by independent researchers has been provided.
Model C has advantages in that it utilises fewer markers, and that
all markers are positioned on the frontal part of the body, allowing
a reduced number of cameras to be used. Both of these advantages
lead to the reduced cost of the testing and they are expected to
prove extremely beneﬁcial when performing measurements out-
side the laboratory. The performance of Model C was then tested
in relation to the walking activity. The measurement error was
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Fig. 13. (a) Average and (b) CoV of angle of attack as functions of walking speed. (c) Average and (d) CoV of end-of-step angle as functions of walking speed. (e) Average and
(f) CoV of the trunk angle as functions of walking speed. Solid lines: best ﬁts of mean values, dashed lines: best ﬁts of one standard deviation bands. Empty circles: slow speed,
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C is recommended for force measurements for which the 20% accu-
racy is considered acceptable, for example when quantifying
pedestrian-structure interaction on lively structures (on which a
substantial drop in the forcing amplitude has been observed in
the past [33]). Despite establishing potential of using Model C for
this speciﬁc application, further research should be directed
towards improvement of the measurement accuracy when utilis-
ing the MCSs.
After choosing the marker layout, ten test subjects walking on a
treadmill were monitored using the Vicon system. Seven walking
locomotion parameters were measured: the pacing frequency, step
length, step width, attack angle, end-of-step angle, trunk rotation
and DLF1. All parameters were studied in relation to 13 walkingspeeds (ranging from 0.8 m/s to 2.1 m/s). Within the investigated
population, the walking speed subjectively perceived as ‘‘normal’’
was found to be in the range of 1.15–1.76 m/s. The ranges of
numerical values for other parameters recorded when walking at
normal speeds were found to be: 1.66–2.22 Hz for the pacing fre-
quency, 0.56–0.84 m for the step length, 60–143 mm for the step
width, 69.1–77.3 for the attack angle, 107.8–119.2 for the end-
of-step angle, 89.2–102.3 for the trunk angle, and 0.11–0.48 for
the DLF1. The CoV over normal speed range was less than 5% for
most parameters. The only exceptions were the DLF1 (CoV = 1.5–
8.3%) and a large variation for the step width (CoV = 13.4–39.2%).
It is interesting to note that the CoV for all parameters, apart from
the step width and the trunk angle, tended to reach minimum
value at walking speeds at the boundary between normal and fast
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Fig. 14. (a) Time-domain of the narrow-band force component around the ﬁrst harmonic. (b) Fourier spectrum of the force (normalised to body weight). Dashed lines
represent ﬁlter bandwidth.
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most consistent (i.e. least variable) walking pattern at this
boundary.
It was shown in this paper that modelling intra-subject varia-
tions in all parameters using normal distribution is justiﬁed. The
only exception is DLF1 which should be further investigated to
determine a better distribution model. In addition, further studiesshould include a larger sample of test subjects to allow for testing
of mutual dependence of parameters across the pedestrian
population.
The results presented in this paper provide a particularly
detailed characterisation of the intra-subject variability in the
walking parameters. These results can be used for calibration of
bipedal class of pedestrian models for walking over rigid ground,
154 H.V. Dang, S. Zˇivanovic´ / Engineering Structures 91 (2015) 141–154in particular to test their capability of reproducing the established
correlation with the walking speed and observed step-by-step
variability.
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